ABSTRACT In this paper, we consider the maximization of energy efficiency in the wireless information and power transfer system with multi-user multiple-input/multiple-output (MU-MIMO) as its uplink multiple access technique. We maximize the energy efficiency by jointly optimizing transmit power and its transfer duration. Different throughput requirements and MIMO channel situations of terminals are considered in the optimization problem, which makes the optimization problem closer to the practical system. We transform the complicated fractional optimization problem into an equivalent integral expression, and then employee the Lagrange dual method to solve the problem. Simulation results demonstrate that, the joint parameters optimization with the MU-MIMO mode achieve higher energy efficiency than the single parameter optimization with the multiple-input/single-output multiple access mode.
I. INTRODUCTION
In recent years, with the development of Internet of Things (IoT) [1] , [2] , the wireless information and power transfer systems have drawn considerable research attentions [3] - [6] . In these systems, terminals usually do not have fixed power facilities, or their power facilities can only support their activation states. Therefore, terminals should harvest wireless transferred energy from the base station to support their wireless information transmission [7] . As a simple example, in industrial sensor networks, largely scattered sensors in some extreme environments (e.g., toxic environment) should harvest wireless transferred energy from the base station to support their normal data collection and transmission [4] . Such systems can be widely applied in industrial IoT environments.
In general, energy harvesting and information transmission can hardly be achieved simultaneously. The wireless information and power transfer system [7] works in a TDD (time division duplex) mode where each time slot of T milliseconds is divided into energy harvesting portion of τ milliseconds and information transmission portion of T − τ milliseconds. During the energy harvesting portion of each time slot, the base station performs wireless energy transfer to all terminals through downlink transmissions. With the harvested energy, terminals transmit information through uplink to the base station in the information transmission portion of each time slot.
In the design of the wireless information and power transfer system, optimization of the energy consumption is one of the key research hotspots [7] - [12] . In general, developing an energy optimization problem involves two important parts: 1. Determine the objective function. In the wireless information and power transfer system, the uplink throughput and the energy consumed by the base station are contradictory from the perspective of the system performance optimization. Therefore, the appropriate optimization objective is to maximize the uplink throughput per energy consumption, namely, energy efficiency. However, the optimization objective of most researches is the maximization of uplink throughput with the energy consumption constraints, or the minimization of energy consumption with the uplink throughput constraints [9] - [12] , which means these literatures reduce the degree of freedom of the optimization objective and thereby lead to a non-optimal result. 2. Determine the optimization parameters. Since the energy harvesting and the information transmission periods switch within each time slot T , the choice of both durations has impact on the energy efficiency of the whole system. Given the transmit power of the base station P 0 , small τ indicates that terminals harvest little energy on the downlink, which means little transmit power available for terminals to transmit information bits through uplink. However, small τ also indicates that terminals have long time for information transmission. Hence, τ is a parameter that needs to be tuned to maximize the energy efficiency. Meanwhile, the transmit power of the base station P 0 for the downlink also has an impact on the energy efficiency. Given τ , small P 0 may cause insufficient energy for terminals to transmit information, while large P 0 has negative impact on the energy efficiency. Most of the previous researches consider one of the two factors (P 0 and τ ) [8] - [10] , [12] , leading to a non-optimal result.
Moreover, it is proved that by using multiple antennas at both transmitters and receivers, multiple-input/ multipleoutput (MIMO) introduces channel capacity gain to the system [13] . Given the transmit power, MIMO increases uplink throughput by dividing the transmit channel into several parallel channels, and thereby greatly increases the energy efficiency of the system. Therefore, the multiple antennas technique is tried to be applied to the wireless information and power transfer system [7] , [9] , [11] . However, different spatial-parallel channels have different channel gains in MIMO wireless system, and their allocated power and achievable rates are different as well. Therefore, spatial degree of freedom is introduced into the optimization problem, which makes the optimization problem intractable. For this reason, existing studies only consider a single antenna at a terminal, which simplifies MIMO as multiple-input/singleoutput (MISO) and greatly reduces the advantages of MIMO.
In this paper, we maximize the energy efficiency by jointly optimizing transfer duration τ and transmit power P 0 in a wireless information and power transfer system with multi-user MIMO (MU-MIMO) technique. Since the optimization objective is a fractional function, which cannot be obtained by adding each terminal's energy efficiency. The commonly used greedy algorithm cannot be directly applied to obtain the optimal solutions. Moreover, the throughput requirements and MU-MIMO channel situations from different terminals make the problem computational complex. Existing studies choose to maximize the uplink throughput (numerator of energy efficiency) or minimize the energy consumption (denominator of energy efficiency) and consider neither throughput requirements from different terminals nor the MIMO technique. In this paper, we formulate the energy efficiency optimization problem problem as a fractional optimization problem and transform the objective function into an equivalent integral expression, which is proved to be convex. The Lagrange dual method is then employed to solve the problem. We design the Lagrange dual function which combines all constraints in the optimization problem in the form of weighted sum, and design an iterative algorithm to obtain the weights.
Our contributions are three-folded: 1. We formulate an energy efficiency maximization problem in a wireless information and power transfer system where MU-MIMO is employed as the uplink multiple access technique to provide the channel capacity gain.
2. We analyze the throughput of the uplink MU-MIMO which is needed to form the energy efficiency maximization problem and jointly optimize the transmit power of the base station P 0 and τ with the consideration of optimally distributing the power among different spatial divided parallel channels, i.e., we consider the degree of spatial freedom introduced by MU-MIMO technique in the energy efficiency maximization problem.
3. We guarantee different uplink throughput requirements in the QoS profiles of different terminals in the wireless information and power transfer system. The rest of this paper is organized as follows. The system model is presented in Section II. The uplink throughput and the maximum number of terminals with BD receive detection are described in Section III. We formulate an energy efficiency maximization problem and solve the optimization problem in Section IV. Simulation results are provided in Section V and conclusions are drawn in Section VI.
II. SYSTEM MODEL
We consider a wireless information and power transfer system employing TDD MU-MIMO technique as shown in Fig. 1 and Fig. 2 , where the base station is equipped with N T antennas for energy transfer and information receive. The number of terminals is M and each terminal is equipped with N R antennas for its energy receiver and information transmitter. Terminals do not have fixed power facilities, or their sole power facilities can only support their activation state, so that they should harvest wireless transferred energy from the base station to support their wireless information transmission [7] .
Time is divided into time slots with the length of T milliseconds of each time slot. At the beginning of each time slot, the base station performs wireless energy transfer to all terminals via electromagnetic radio signals for τ milliseconds [13] , [14] . With the harvested energy, in the rest of T −τ milliseconds in each time slot, terminals transmit information to the base station.
A. ENERGY TRANSMISSION MODEL (DOWNLINK)
The system downlink model is shown in Fig. 1 .
In the beginning τ milliseconds of one time slot, base station broadcasts n charged particle energy beams to all terminals [11] , where n denotes an arbitrary positive integer smaller than N T . The signal broadcasted by base station can be expressed as:
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where ν i is a N T × 1 vector denoting the ith energy beam, s i denotes the energy carrying signal of ν i , which is an independent identically distributed (i.i.d) Gaussian random variable with mean value of 0 and variance of 1.
The total transmit power of base station on the downlink can be expressed as:
where P max denotes the maximum transmit power that the base station can provide. The signal received by the kth terminal can be expressed as:
where H D,k is a N R × N T matrix denoting the downlink channel matrix of the kth terminal. It is noted that in the situation of wireless power transfer, the power of noise is negligible compared to the power of received signal, so the noise is not considered in (3). The received energy of the kth terminal can be expressed as [10] :
where 0 < ξ < 1 denotes the energy harvesting efficiency at the energy receiver. Define V = {v 1 , v 2 , . . . , v n }, the value of n and the arrangement of every components of ν i are obtained by solving the following weighted sum-energy maximization problem:
where α k is an artificial parameter denoting the energy weight for the kth terminal. (5) aims at maximizing the total harvested power of all terminals as well as guaranteeing the fairness among terminals, i.e., more energy should be transferred to terminals with lower channel gain by assigning them with higher energy weights. Define matrixĤ
, which constitutes all terminals uplink channel matrixes except H U ,k as shown in Fig. 2 . Then the rule of energy weight assignment is:
The contribution of this paper is not on the optimization of n and V, thus we adapt the optimization result from [11] . Define [11] , the optimal solutions of (5) are n = 1, which means only one energy beam is used, and v 1 = √ P 0 , where denotes the unit-norm eigenvector of the matrix
Given the optimal V, according to (2) , (4) can be expressed as a function of P 0 . In order to simplify its expression, we denote H D,k v 1 2 as F k (P 0 ), so that the power that can be used by the kth terminal for uplink information transmission is expressed as:
B. INFORMATION TRANSMISSION MODEL (UPLINK)
The harvested energy of terminals can be used for information transmission on the uplink. The uplink model of the system is shown in Fig. 2 . Each terminal transmits information bits to the base station by means of Spatial Division Multiple Access (SDMA) which is realized by MU-MIMO technique. The spatial degree freedom of SDMA can greatly increase energy efficiency of the system [17] , but the subsequent multi-terminal interference must be removed.
Considering that terminals can not carry high complexity computing or cooperate with each other, the multi-terminal interference eliminating is mainly performed at the base station.
The block diagonalization (BD) receive detection method is used to eliminate multi-terminal interference on the uplink, which is similar to downlink BD precoding method used in MU-MIMO communication systems. By using BD receive detection, the uplink channel is divided into non-related single-user MIMO (SU-MIMO) channels.
III. UPLINK THROUGHPUT AND THE MAXIMUM NUMBER OF TERMINALS WITH BD RECEIVE DETECTION
Let x i denotes the transmitted uplink signal of the ith terminal, the received signal at the base station can be expressed as [18] :
where H U ,i is a N T × N R matrix denoting the MIMO channel of terminal i, which is supposed to be a full rank matrix. n i denotes the additive white Gaussian noise with mean value of 0 and covariance matrix of σ 2 I N R , where I N R is a N R dimensional unit matrix. In order to detect the delivered signal of the kth terminal, the received signal is multiplied by receive detection matrix G k , then it follows:
where G k H U ,k x k denotes the disposed signal of the kth terminal. The second item of (9),
the multi-terminal interference from other terminals. The objective of the BD receive detection method is to find the right matrix G k , which can remove the second item of (9), i.e.,
If G kĤU ,k = 0, for ∀k = 1, 2, . . . , M , (10) will be satisfied. Via singular value decomposition (SVD),Ĥ U ,k can be written as:
where U k and V k are unitary matrixes whose columns are left and right singular vectors ofĤ U ,k , respectively, V H k denotes the conjugate transpose of V k , k is a diagonal matrix whose columns are nonzero singular values ofĤ U ,k , U 1 k and U 0 k consist of left singular vectors corresponding to the nonzero and zero singular values ofĤ U ,k , respectively. According to (11) , it follows:
where U 0H k denotes the conjugate transpose of U 0 k . Post-multiplying (12) by V H k which denotes the conjugate transpose of V k , it follows:
(13) implies that if the receive detection matrix of the kth terminal contains U 0H k , the multi-terminal interference of the kth terminal can be eliminated. To guarantee (13) has nonzero solutions, the number of equations should be less than the number of variables.
From (14) we can get the upper bound of the number of terminals:
where x denotes the biggest integer no more than x. In order to divide the MIMO channel of the kth terminal into spatial parallel channels, applying singular value decomposition to U 0H k H U ,k , it follows:
Similarly, U k and V k are unitary matrixes whose columns are left and right singular vectors of U 0H k H U ,k , respectively. k is a diagonal matrix whose columns are nonzero singular values of U 0H k H U ,k . U 1 k and U 0 k consist of singular vectors corresponding to the nonzero and zero singular values of
k as the BD receive detection matrix to multiply the received signal at the base station.
In order to divide the MIMO channel of the kth terminal into equivalent parallel channels, the terminal data should be pre-multiplied by V k before transmission. Then, (17) can be modified as: (18) implies that the uplink channels of terminals can be equivalent to parallel channels. The uplink information bit rate of the kth terminal can be thereby written as:
Where, W denotes the bandwidth of the system, p k,l denotes the signal power in parallel channel l of the kth terminal, VOLUME 6, 2018
the diagonal elements λ k,l of k denote the equivalent channel fading coefficients which represent the channel condition of kth terminal, σ 2 denotes the power of additive white Gaussian noise. According to [13] , under the condition of low signal to noise ratio (SNR), i.e., small
k,l , the optimal scheme for distributing P k among the parallel channels is the waterfilling algorithm, which is given by:
where ψ satisfies:
Under the condition of high SNR, P k can be equally distributed to each parallel channel without adopting the water-filling algorithm [13] . Then it follows:
Substituting (22) into (19) , the uplink information bit rate of the kth terminal under high SNR condition can be expressed as:
It is noted that (23) can be easily modified by substituting (20) into (19) under the condition of low SNR. To simplify expression, we only discuss the high SNR condition hereafter. The uplink throughput of the kth terminal in a time slot is thereby:
where (24) is a function of P 0 and τ .
IV. OPTIMIZATION OF ENERGY EFFICIENCY SCHEME
In this section, we propose a joint optimization scheme of the transmit power P 0 and the switching point τ , in order to maximize the energy efficiency of the system. Energy efficiency of the system is defined as the ratio of the total uplink throughput of all terminals to the total energy consumption in a time slot, which can be expressed as
where the numerator denotes the total uplink throughput of all terminals in the last T − τ milliseconds of a time slot, the denominator denotes the total energy consumption of the system in a time slot. The energy efficiency optimization problem can be expressed as:
where B k,min in condition (27) denotes the required throughput of the kth terminal in a time slot. The objective function in (26) is a fraction, which makes the optimization problem hard to be solved. An effective way to solve this problem is to change it into equivalent integral expression, and then use Lagrange Dual Method to solve it. Let q * denote the optimal value of (26) when P 0 and τ reach their optimal solutions P * 0 and τ * , respectively, i.e., q * = η P * 0 , τ * = MAX P 0 ,τ η (P 0 , τ ). Then we have the following proposition, so that we can derive the equivalent problem of (26).
Proposition 1:
Define:
Then,
Proof: Please refer to APPENDIX A. Note that the proposition 1 indicates that the optimal solution of the original problem (26) is exactly the same as the optimal solution of the equivalent problem MAX P 0 ,τ ε (P 0 , τ ), whose objective function is an integral expression and is more easily to be solved. The whole equivalent problem is expressed as:
Proposition 2:
in (32) is a convex function. Proof: Please refer to APPENDIX B. Proposition 2 implies that
is a convex function. Therefore (32) is a convex programming problem [19] , which can be solved by the Lagrange multiplier method. The Lagrange dual function of (32)can be written as:
where µ, ω, υ 1 , . . . , υ M are the nonnegative Lagrange multipliers corresponding to the constraint (33)-(35). (36) is also convex according to the property of Lagrange duality. Denoting the feasible region of (33)- (35) as , we transfer (32) into its dual problem which is given by:
(37) is also a convex optimization problem. For a convex optimization problem, KKT point is the optimal point. Given µ, ω, υ 1 , . . . , υ M , the following KKT conditions are used to solve the optimal solutions P * 0 and τ * of (37):
Therefore, the optimal solutions and the optimal value of (32) can be obtained by the following iterative algorithm which is inspired by the Dinkelbach method [7] , [20] :
2) Update µ, ω, υ 1 , . . . , υ M via the iterations as follows:
where n denotes the iteration index,
+ denotes max(x, 0); 3) Compute the optimal solutions of P 0 and τ by jointly solving the above KKT equations (38); 4) Set a maximum tolerance t = 0.01, if:
then set q * as:
and go to 2); otherwise, if:
then P 0 = P * 0 and τ = τ * are optimal transmit power and optimal power transfer duration, respectively. The corresponding optimal value of energy efficiency is:
It is noted that almost all these algorithms including BD receive detection method are performed at the base station, high computation capability is not required for the terminals. 
V. SIMULATION RESULTS AND DISCUSSIONS
We consider a MU-MIMO wireless information and power transfer system. The system consists of one base station and several terminals. The terminals access the system by SDMA. Each terminal is equipped with two antennas and different terminals have different minimum uplink throughput requirements. The downlink and uplink MIMO channels of the system are both quasi-static slow fading channels which remain constant during one time slot but vary from time slots.
Other parameters of the system are listed in Table I . It should be noted that there exists some simulation error so that the simulation images are not that accurate. We keep two vaild digits behind the decimal point. the base station. That is because, the antenna gain of MIMO is proportional to the number of antennas in the base station. With given required energy, the increasing of the number of antennas can make the transmit power of the base station reduce. Fig. 4 shows that the optimal energy transmit duration is inversely proportional to the number of antennas in the base station. That is because when the number of antennas in the base station increases, terminals harvest more energy within a given timeslot. In order to meet the constant uplink throughput requirements and maximize energy efficiency of the system as well, the energy transmit duration will be reduced to avoid extra unnecessary power transfer. 5 shows the optimal energy efficiency versus the number of transmitting antennas in the base station. As we can see in Fig. 5 , energy efficiency of the system is proportional to the number of antennas in the base station. This is because, with given transmit power, the throughput gain will increase with the number of antennas in the base station, thus the energy efficiency of the system increases. Fig. 5 also compares the energy efficiency obtained by the proposed joint optimization scheme with the scheme in [8] that optimizes τ only and fixes P 0 which we arbitrarily set as 36.00W and 26.00W, respectively, and labeled as duration optimization scheme I and II in Fig. 5. Fig. 5 shows that the energy efficiency obtained by the proposed joint optimization scheme is larger than that obtained by the scheme I and II. The general reason is that more degrees of freedom in the optimization lead to a more optimal result, and it can be verified by examining the details of Fig. 3 and Fig. 5 . According to Fig. 3 when the antenna number of the base station is 15, the optimal transmit power of the base station of the proposed joint optimization scheme is about 27.55W, and it decreases when the antenna number of the base station increases. In the duration optimization scheme I, the transmit power of the base station is 36.00W which is fixed when antenna number of the base station increases. Hence the energy efficiency is always lower than that of the joint optimization scheme. In the transmit duration optimization scheme II, the transmit power is fixed to be 27.00W which, according to Fig. 3 , was almost equal to the optimal transmit power of proposed scheme when the antenna number of the base station is within [15] [16] [17] [18] [19] . Hence, the curve of the scheme II trends to be closer to the optimal curve. However, it is lower than the optimal curve when the antenna number increases since the transmit power of the proposed scheme decreases while the transmit power of transmit duration optimization scheme II is fixed. [9] that optimize P 0 only and fixes τ . Fig. 6 shows that, with given number of antennas in the base station, the energy efficiency obtained by the proposed joint optimization scheme is larger than that obtained by the single transmit power optimization scheme I and II that only optimize τ . The reason is similar to which of Fig. 5 , and it can also be verified by examining the details of Fig. 4 and Fig. 6 . Fig. 7 shows that, in general, the optimal energy efficiency of the system increases with the energy receiving efficiency of terminals. In Fig. 7 , we also compare the energy efficiency of the MIMO system in this paper with which of the MISO system used in [7] . It can be seen that employing multiple antennas at terminals can increase the energy efficiency of the system. That is because with given transmit power, MIMO can increase uplink throughput by dividing the transmit channel into several parallel channels, thus providing power gain and thereby increasing the energy efficiency of the system.
In order to illustrate the relationship between energy efficiency of the system and the throughput requirement of terminals, it is assumed in Fig. 8 that the throughput requirements of all terminals are the same. As shown in Fig. 8 , energy efficiency of the system is inversely proportional to the throughput requirements of terminals. This is because increasing VOLUME 6, 2018 the uplink throughput requires more energy consumption on the uplink information transmission and, accordingly, more transferred energy on the downlink. More energy transferred, more energy wasted since the energy receiving efficiency of the terminal is not 100%. It can also be seen from Fig. 8 that the energy efficiency of the system is proportional to the spectral bandwidth of the system. The reason comes from Shannon Theory that, with a given transmit power, the transmit bit rate is proportional to the spectral bandwidth of the system, so does the energy efficiency of the system.
VI. CONCLUSIONS
In this paper, we consider the energy efficiency maximization in the wireless information and power transfer system with multi-user multiple-input/multiple-output (MU-MIMO) as its uplink multiple access technique. We maximize the energy efficiency, which is defined by a fraction, by jointly optimizing transmit power and its transfer duration. Different throughput requirements and MIMO channel situations of terminals are considered in the optimization problem. Although these factors make the optimization problem more complicated, they help reach optimal result which is closer to the practical system. We transform the complicated fractional optimization problem into equivalent integral expression, and then use Lagrange Dual Method to solve it. Simulation results show that, comparing to multipleinput/single-output (MISO) multiple access mode and single parameter optimization, MU-MIMO mode with joint parameters optimization can reach higher energy efficiency.
VII. APPENDIX A. PROOF OF PROPOSITION 1
Proof:
According to the definition of q * , η P * 0 , τ * − q * = 0, multiplying P * 0 τ * on both side of it, it follows:
Since η (P 0 , τ ) − q * ≤ 0 (within the feasible range), it follows:
According to (49) and (50), the maximal value of ε (P 0 , τ ) is 0. ε (P 0 , τ ) reaches its maximal value only if P 0 and τ reach their optimal value P * 0 and τ * , respectively. ε P * 0 , τ * = 0 indicates that the optimum value of ε (P 0 , τ ) is 0 which is achieved by the optimal solutions P * 0 and τ * , i.e., 
From (52), q * can be expressed as:
With the above x and y, the Proposition 1 is thus proved.
B. PROOF OF PROPOSITION 2

Proof:
Since w 
End of proof. With (57) and (59), the Proposition 2 is thus proved.
